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Abstract
Geophysical methods have been widely used in recent decades to investi-
gate and monitor landfill sites for environmental purposes. With the advent 
of the circular economy, waste contained in old landfills may be consid-
ered a resource that can be developed. Since the content of old landfills is 
largely unknown, the occurrence and quantity of valuable materials must be 
investigated before embarking on any development activity. Two landfills 
on Sjælland, Denmark (located at Hvalsø and Avedøre) were selected for a 
pilot study to characterise their content. At both locations, a set of geophys-
ical surveys is underway. Here, we present the data obtained from magnetic 
and 2D seismic refraction surveys. Magnetic data show various anomalies 
that can be interpreted as caused by iron-rich waste. At both sites, the land-
fill material results in generally low P-wave velocity (<400 m/s), lower than 
those obtained for Quaternary sediments at Avedøre. The seismic velocities 
appear to increase in the presence of metals or by compaction with depth 
(>550 m/s). We propose that seismic refraction can thus define the bottom 
of the landfill and possibly its internal structure, especially when combined 
with other methods.
Introduction
Societies around the world are increasingly looking at renewable energy and 
recycling of materials in response to a changing global economy and environ-
mental challenges. Within the field of ‘Circular Economy’, landfill mining has 
gained momentum in recent years (e.g. Wagner & Raymond 2015, Kieckhäfer 
et al. 2017, Puthussery et al. 2017). Recycling materials from existing landfills 
may seem straightforward; nevertheless, the economic value of commod-
ities hidden in the waste should be carefully evaluated before they can be 
exploited. To determine the occurrence and potential quantity of recyclable 
materials in a landfill, non-invasive methods are preferred (Green et al. 1999; 
Cardarelli & Di Filippo 2004; Balia & Littarru 2010; Boudreault et  al. 2010; 
 Belghazal et al. 2013; Dumont et al. 2017; Di Maio et al. 2018). Digging or drill-
ing into landfills may be expensive and environmentally hazardous. For this 
reason, we chose geophysical methods to investigate two selected landfills 
on Sjælland, Denmark (located at Hvalsø and Avedøre; Fig. 1). To our knowl-
edge, these are the first such surveys of landfills in Denmark. In this article, we 
briefly explain the rationale behind the project and its contribution towards 
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a sustainable economy. We describe the field activities 
at both sites and present the first results from magnetic 
and 2D seismic refraction surveys of the landfills.
Rationale behind landfill mining
Raw materials are an essential part of our modern 
society and there is a growing demand for mineral 
raw materials in Europe and the rest of the world. This 
increasing demand raises growing concerns regarding 
the availability of these resources. In addition to supply 
risk and resource depletion, our large consumption of 
resources results in pollution and excessive land use, 
increasingly jeopardising Earth’s life-support systems 
(Jackson 2009; WWF 2014). To address these issues, and 
related sustainability needs, the circular economy has 
become an increasingly popular concept, which aims to 
eliminate waste and continual use of resources.
Landfills have historically been considered a practi-
cal and cost-efficient method for final storage of waste. 
However, landfills represent a potential environmen-
tal hazard and suboptimal use of resources. The EU 
is estimated to contain up to 500  000 landfills (Jones 
et al. 2013) and although measures have been taken to 
increase recycling and waste disposal by incineration, 
40% of waste in the EU-27 (the 27 member states of the 
EU) is still landfilled (Blumenthal 2011). Therefore, land-
fills continue to be a significant leakage in the circular 
economy.
Landfill mining refers to the excavation, processing, 
treatment and recovery of deposited materials situated 
in informal waste dumps or in structured landfills (Sav-
age et al. 1993). The concept was introduced in the early 
1990s and in most cases, it was limited to extraction of 
methane or for land reclamation. Landfill mining is now 
being further developed with a greater focus on resource 
recovery of raw materials. At first glance, landfill min-
ing seems an ideal solution that combines remedia-
tion,  land reclamation and extraction of raw materials, 
Fig. 1 Landfill sites selected for this 
study. a: Hvalsø (1 shows the area 
investigated), b: Avedøre (2 shows 
the area investigated; B marks the 
location of an existing borehole), 
c:  Location of the two landfills in 
Denmark (digital elevation shown in 
grey shading). The landfill in Hvalsø 
is composed of various kinds of 
household waste including metallic 
objects. The area was remediated 
and covered with c. 2 m of soil. In 
Avedøre, the waste is at the surface 
and very heterogeneous in char-
acter, consisting of wood, plastic, 
metal and rubber.
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but  it has not been broadly implemented. One of the 
main challenges is the often-low economic performance 
of landfill mines (e.g. Frändegård et al. 2015; Laner et al. 
2019; Clausen & Kalvig 2020). Prospecting for the most 
profitable landfills is an important incentive to recognise 
the feasibility of landfill mining (Krook et al. 2012). 
Field work and methods
The first site is an old landfill in Hvalsø, Sjælland, 
 Denmark (55°35´ 14´ N´, 11°52´ 16´ E´; Fig. 1). The waste 
was dumped in an abandoned gravel pit between 1980 
and 1985 (Roskilde Amt Teknisk Forvaltning 2003). The 
site was remediated and covered with soil and a num-
ber of wells currently produce biogenic gas from within 
the landfill (Biorem 2016). Documentation on the quan-
tity and quality of the various types of waste is limited. 
However, personal and anecdotal information indicate 
the likely presence of metals in some parts of the land-
fill. Their exact location and amount are unknown.
The second site is located in Avedøre, SW of Copen-
hagen, Sjælland, Denmark (55°36´ 17´ N´, 12°28´ 13´ E´; 
Fig. 1) and is an active landfill. The waste has not been 
buried, and is therefore still observable at the surface. 
The waste extends to c. 5 m depth, with a 20 cm gravel 
layer at the base for drainage. Below the gravel, c. 10–13 
m of glacial soil lies directly above carbonates of the 
Chalk Group (Borerapport DGU 208. 3888, GEUS 1999). 
The waste is shredder residue of household origin with 
variable content of plastic, metals, wood and rubber (AV 
Miljø, personal communication 2019).
Magnetic surveys were conducted to define areas 
with high magnetic anomalies, likely related to the 
presence of Fe-bearing waste (Marchetti et  al. 2013). 
The magnetic data were acquired using a Geomet-
rics G-858 Magmapper instrument, with two caesium 
vapour sensors. A differential GPS positioning system 
was attached to the operator, who walked the entire 
area in straight lines whenever possible. Magnetic data 
were processed, reduced-to-the-pole and mapped 
using Geosoft® software.
We conducted 2D seismic refraction surveys to 
delineate the depth to Fe-bearing waste at both sites, 
assuming that P-wave velocities would increase in 
Fe-bearing waste compared to the surrounding waste 
(e.g. Lanz et al. 1998; De Iaco et al. 2003). Surveys were 
conducted along a 115-m long transect. A single Geode 
seismic recorder with 24 channels was used and geo-
phones were deployed with 5 m spacing. The seismic 
source for the survey was a hammer hitting a plate cou-
pled to the ground (four stacks). The distance between 
shots was 2.5 m at Hvalsø, and 5 m at Avedøre. For 
each shot, pre-processing of the data, manual picking of 
the first-arrival travel times and tomographic inversion 
were performed using the software package ReflexW® 
by Sandmaier Geophysical Research (Sandmeier 2014). 
Two-dimensional first-arrival travel-time tomography is 
based on an iterative non-linear deterministic inversion 
and uses rectangular cells for both forward modelling 
and inversion (Sandmeier 2014). In the forward mod-
elling, a finite-difference approximation of the eikonal 
equation is used to calculate the travel-time field for 
the ray tracing. Determination of model updates relies 
on an iterative SIRT algorithm (Simultaneous Iterative 
Reconstruction Technique; Sandmeier 2014). 
Preliminary results and discussion
Magnetic surveys
Magnetic data in both sites show great variability 
(47  000–56  000 nT), indicating that Fe-content is dis-
persed heterogeneously throughout the waste. At 
Hvalsø, a significant local magnetic anomaly was 
detected in the western part of the landfill (white arrow 
in Fig. 2a). The strong anomalies detected in the south-
ern part of the site are likely produced by nearby man-
made structures (e.g. high voltage lines and pylons, Fig. 
2a). At Avedøre, the magnetic anomalies do not seem to 
indicate such local enrichment in Fe-bearing materials. 
Rather a more uniform distribution is observed, with 
higher values (up to 55 000 nT) at the east and lower val-
ues (down to 48 000 nT) at the west of the site (Fig. 2b). 
Lower total magnetic field values are observed outside 
the landfill.
2D seismic refraction surveys
The first-arrival travel times were used for the modelling 
of the data (Figs 3a, b, c). A starting model with a velocity 
gradient of 350 m/s at the surface, continuously increas-
ing with depth, was created (Fig. 3d). The final tomo-
graphic model is shown in Fig. 3e. Ray-tracing diagrams 
calculated for the given velocity field (Fig. 3f) show the 
sub-surface coverage provided by the first-arrival travel 
times.
For the seismic refraction data recorded at Avedøre, 
the same approach was used. First, the seismic data for 
each shot were loaded in ReflexW, and then manual 
picking of the first arrivals was conducted. Band-pass 
filters and various scaling parameters were applied 
to allow a reliable interpretation of the first breaks 
(Figs 4a, b, c). A simple one-layer 2D starting model was 
created with a 250 m/s P-wave velocity at the surface 
and increasing with depth (Fig. 4d). Various tests were 
carried out, and in this article only one final model is 
presented (Fig. 4e). The tomographic inversion shows 
reasonable root mean square (RMS) values (c. 12 ms – 
comparable to the picking uncertainty), especially at far 
offsets. Figure 4f displays the ray coverage obtained 
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and Fig. 4g compares the measured and calculated 
travel times. The velocity field obtained from seismic 
tomography is in agreement with the lithological log 
from a nearby borehole (Fig. 4e), which records c. 13 
m of glacial soil overlying Cretaceous carbonates of the 
Chalk Group. The seismic velocities of the waste (upper-
most 5 m in Fig. 4e) are in the range 250–320 m/s. The 
P-wave velocity increases to >350 m/s at c. 5 m depth 
(red hatched line in Fig. 4e). At c. 18–20 m below the 
surface, the velocity appears to exceed 800 m/s.
Seismic velocity distributions from both landfills 
indicate velocities of 250–400 m/s for non-compacted 
waste (0–8 m burial depth) of mixed origin. Similar 
velocities were obtained for landfills in Switzerland 
(300–800 m/s; Lanz et al. 1998; De Iaco et al. 2003) and 
USA (350–550 m/s; Carpenter et al. 2013). Konstantaki 
et  al. (2016) obtained particularly low P-wave veloci-
ties (150–200 m/s) in a landfill in the Netherlands, and 
attributed these to the presence of biogas (which could 
be the case at Hvalsø).
Fig. 2 Total magnetic field maps for 
landfill sites. a: Hvalsø, b: Avedøre. 
For reference, the total magnetic 
field in Copenhagen is 50  360 nT. 
Seismic lines are shown in black.
Fig. 3 Two-dimensional seismic 
refraction data at Hvalsø. a, b and 
c: data from three selected shots. d: 
starting model. e: final P-wave veloc-
ity field (Vp) obtained from tomo-
graphic inversion. The black hatched 
line marks the top of the Fe-bearing 
waste. f: ray coverage. g: compari-
son between calculated (dots) and 
observed (lines) first-arrival travel 
times. RMS: root mean square.
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Waste-containing metals are expected to show rel-
atively high P-wave velocities. If the surrounding waste 
has a velocity in the order of 300 m/s and with velocities 
of metals higher than 3000 m/s (Salisbury et  al. 1996; 
Reichmann & Jacobsen 2004; Nourani et al. 2017), then 
a mixed volume of the two could have velocities in the 
order 500–600 m/s – depending upon the amount and 
connectivity of the metals.
At Avedøre (Fig. 4), velocities of 800–900 m/s in the 
deeper and central parts of the profile can be attributed 
to the presence of ‘fast’ chalk lithologies, which often 
have P-wave velocities >2000 m/s (Nielsen et al. 2011). 
Here, the ray coverage at depth is not optimal, thus 
these velocity estimates have large uncertainties. More-
over, the erosion and weathering of the uppermost 
chalk during glaciations might have led to decreased 
seismic velocities. Considering these two factors, we 
can only conclude that the chalk at Avedøre has P-wave 
velocities in excess of 800 m/s.
Conclusions and further work
Preliminary results for two test sites in Denmark 
 indicate waste with P-wave velocities between 250 and 
450 m/s – comparable to other lose sediments that have 
not undergone intense compaction. The presence of 
metals within the waste, however, increases the seismic 
velocity to values higher than 500 m/s. The waste 
appears to be more magnetic than the surrounding 
 glacial soil, with higher values corresponding to areas 
of  high P-wave velocities. The analysis of seismic data 
alone can support the definition of the landfill base 
and  provide useful information on waste properties, 
whereas the magnetic survey seems promising for 
delimiting the deposits horizontal extent, mapping 
internal heterogeneity and identification of iron-rich 
zones. Integration with additional geophysical data is 
required for a more comprehensive characterisation 
and more detailed site delimitation. For example, 
 geoelectric data can now be modelled to constrain 
the  3D inversion of the magnetic data at Hvalsø 
and Avedøre. Further magnetic susceptibility measure-
ments directly on the waste at Avedøre, will also 
 better  constrain the modelling of the magnetic field 
data here.
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